Abstract: This paper focuses on the problem of the space-variance of the range-cell migration term for bistatic Synthetic Aperture Radar (SAR) and proposes a Scaled Inverse Fourier Transform (SIFT)-based imaging algorithm for the constant-offset configuration of bistatic SAR data processing. Range-cell migration correction is realized when two times phase multiplies and a convolution operation are executed. Because the imaging algorithm is based on a precise spectrum that has been deduced from the Geometry-Based Formula (GBF) algorithm, the proposed algorithm can handle the bistatic SAR data, which were obtained with a large baseline to ratio. The advantages and effectiveness of the proposed imaging method have been verified by simulated and comparable experiments.
Introduction
Unlike the Synthetic Aperture Radar (SAR) for monostatic case, the transmitter and the receiver of bistatic SAR are mounted on different platforms, and hence results in many great advantages over monostatic SAR. It has a bright future in many application areas such as resource investigation, lithosphere transmutation reconnaissance [1, 2] . Spaceborne constant-offset bistatic SAR has a relatively easy configuration, which can achieve more angular information and improve the detection probability for Ground Moving Target Indication (GMTI) and can also improve the precision for ground height measurement. Due to its significance, the very configuration has attracted increasing radar workers to work deep into it. And the famous TanDEM-X satellite has been launched already, which has obtained satisfying bistatic SAR imaging results [3, 4] .
No. 1 Chen Shi-chao et al.: A SIFT Algorithm for Bistatic SAR Imaging in a Spaceborne Constant-offset Configuration 15 As is well known to us, the main difference between the bistatic SAR and the monostatic SAR lie in their different range histories. The range history of the bistatic SAR is the sum of two Double Square Root (DSR), which results in the difficulty of obtaining the precise bistatic Point Target (PT) spectrum by directly using the Principle Of the Stationary Phase (POSP). Although the time domain method can get ideal focusing qualities for general configurations, it requires heavy computational burden [5] . To reduce the computational burden of the time domain method, an effective way has been proposed called Fast Factorized Back-Projection (FFBP) algorithm [6, 7] , and RodriguezCassola has extended the FFBP algorithm into bistatic case successfully with the imaging algorithm named Bistatic Fast Factorized Back-Projection (BFFBP) algorithm [8] . However, the computational burden is still heavy respect to the frequency domain algorithms.
The bistatic PT spectrum is the presupposition of designing fast imaging algorithms in the frequency domain, hence, many approximate spectrums have been proposed for bistatic imaging [9] [10] [11] [12] [13] [14] [15] [16] , and many effective imaging algorithms have been proposed for different configurations based on these spectrums [17] [18] [19] [20] [21] [22] [23] . Although these spectrums are all with high precision, and some of them have wider application ranges, they are all approximate ones under different situations. And they can not deal with the bistatic SAR data with large baselines. With the increasing of the baseline, the precision of the spectrums will reduce, and some of them are even very sensitive to the length of the baseline.
Based on the instantaneous Doppler concept, Zhang, et al. proposed the Geometry-Based Formula (GBF) bistatic PT spectrum for bistatic SAR data processing in parallel configuration [24] , and also gave out a Range Migration Algorithm (RMA) for bistatic stripmap SAR data processing. The analytical expression of the PT spectrum is given in Ref. [24] , but an important factor existed in the spectrum is not exact analytically deduced, which has to be gotten through numerical methods [24, 25] . Due to the importance of the constantoffset configuration of bistatic SAR [26] , the exact analytical PT expression has been deduced in Ref. [27] , and in which also the corresponding RMA is performed. However, "stolt" interpolation needs to be carried out for the RMA imaging algorithm, the interpolation process requires relatively huge computa-tional burden, and the error caused by the interpolation will also affect the precision of the final image phase, which will give a negative influence to the following process such as the interferometric SAR.
The scaled inverse Fourier transform is performed in the two-Dimensional (2-D) frequency domain to equalize the range-dependence of the range migration term in the SIFT algorithm, the whole imaging process can be finished with only the Fast Fourier Transforms (FFTs) and phase multiplies, the algorithm is with high efficacy and precision [28] [29] [30] . In the same time, the Scaled Inverse Fourier Transform (SIFT) algorithm does not relay on the frequency modulated characteristic of the chirp signal, it can be extended to a more widely range of signal types, such as phase-coded signals.
A SIFT imaging algorithm based on the exact analytical spectrum presented in Ref. [27] for constantoffset configuration bistatic SAR data processing is proposed in this article. The proposed imaging algorithm is suitable for dealing with large baseline bistatic SAR data. Unlike the imaging algorithms in the wavenumber domain [24, 27] , fast imaging algorithm is achieved in the frequency domain. Simulated experiment and comparable experiment further verify the effectiveness and advantage of the proposed algorithm.
2
Signal Model of the Constant-offset Bistatic SAR Fig. 1 shows the geometry relationship of spaceborne constant-offset configuration, the transmitter and the receiver moves along the same direction of the x axis (the positive direction of axis x) with an identical velocity v, R sqT and R sqR are the instantaneous angles from the target to the transmitter and receiver at zero azimuth time when the transmitter and the receiver are at the locations A and B , respectively. R sqT and R sqR are the corresponding slant ranges, respectively. h x is half the length of the baseline, and R B is the closest distance from the target to the flight path. R T (X) and R R (X) are the slant ranges of the transmitter and the receiver when they move over X distance away from the zero time positions, θ Τ and θ R are the corresponding squint angles when the transmitter and the receiver are at locations A' and B' , respectively. Based on the geometry relationship of Fig. 1 , the exact analytical solution of the half bistatic angle is deduced 16 Journal of Radars Vol. 2 The expression is given as [27] :
where R k represents the range wavenumber, X k represents the Doppler wavenumber. The whole deduction of the half bistatic angle introduces no approximations, and the solution is exactly analytical. From Fig. 1 , we can tell that the slant range of the bistatic SAR is
where
where n X is the position indicates where the imaged point target is located.
Suppose that the radar transmits chirps, and after demodulation and range compression, the signal can be written as
where n σ is the backscattering of the obtained bistatic Transforming the signal into the ( )
where R k Δ is the variation of the range wavenumber around the fundamental frequency, is the chirp rate for bistatic SAR in the wavenumber domain, and γ is the chirp rate of the transmitted signal.
Performing FFT in azimuth to the signal expressed by Eq. (6), we can get the bistatic PT spectrum of the bistatic SAR, which can be expressed as
Unfortunately, due to the existence of the DSR term existed in the range history of bistatic SAR, we can not get the exact solution of Eq. (7) by directly using POSP.
SIFT Imaging Algorithm for Bistatic SAR in Constant-offset Configuration
Utilizing the GBF method presented in Refs. [24, 25] , we can get the exact analytical PT spectrum expression of the bistatic SAR. The PT spectrum can be written as ( )
Substituting the half bistatic angle expressed by Eq. (1) and Eq. (2) into Eq. (8), we get the exact analytical expression of the bistatic SAR PT spectrum in constant-offset configuration. And the following imaging algorithm is based on the very expression.
First, making Taylor series expressions at k R = k Rc up to the second term, and we have: 
In the equations above, the expressions for 
φ by a straight line, we come to:
represents the range position respect to the scene center, and s R is the closest distance from the scene center to the flight track. The approximation error caused by Eq. (15) is much less than the range resolution in most cases and the influence can be neglected. When the approximation error caused by Eq. (15) is large enough respect to the range resolution, the approximation influence can not be omitted anymore. In these situations, we can divide the data into range blocks, ensuring that the error in each block is less than the range resolution, and then the proposed algorithm can be applied subsequently.
In the following, Eq. (15) is substituted into Eq. (9), and the signal arrives at: 
where ( ) R C Δ is spacevariant, and it will result in different impulse functions for targets located at different range positions. For targets with different azimuth positions, the impulse function has the property of translational invariant. However, in the range direction, targets located at different ranges not only make the vertexes of the impulse function move along the range direction, also make their shapes vary due to the azimuth modulation.
To eliminate the range migration difference represented by 0 B x R C Δ , we adopt the SIFT imaging algorithm to the bistatic SAR signal processing. The matched-filter function is priority constructed as: 
, e x p t a n 4 cos exp
Performing the SIFT transform to the signal, we can get to: 
x j r C . Briefly speaking, the SIFT transform is realized by two times complex multiplications and one time convolution, and this is just in accordance with the monostatic case.
The signal after the SIFT transform is given as:
As can be seen, the range-dependence range migration has been eliminated properly, B R Δ is no longer dependent on the Doppler parameters. After the imaging processing in range, the azimuth matched-filter function is constructed as
After azimuth compression, an Inverse FFT (IFFT)
is performed to finish the whole imaging process to obtain the focused complex image. Note that, from Eq. (16), we can tell that, the parameters existed in the azimuth matched-filter function is range dependent. To realize satisfying focusing quality, this step needs to be operated line by line, i.e. dynamitic focusing. The block diagram of the proposed imaging algorithm is shown in Fig. 2 .
Simulation Results
The simulation parameters for spaceborne bistatic SAR in constant-offset configuration is shown in Tab. 1. Nine targets are put in the imaging scene, the distance between any neighboring two targets is set to be 2000 m away from each other in range, and the distance between any two neighboring targets is set to be 1500 m away from each other in azimuth. The baseline is set to be 600 km from the transmitter to the receiver along the flight track, i.e. the length of the baseline is equal to the length of the closest distance from the flight track to the scene center, and this condition is the extreme situation in practice.
The proposed SIFT imaging algorithm is carried out to equalize the difference of the range migration term, and the final imaging result is shown in Fig. 3 . As can be seen, all the targets are quite well focused. The contour-plots and the impulse response functions both in the range and azimuth directions are shown in Fig. 4 . The detailed values of the Impulse Response Width (IRW), the Peak Side-Lobe Ratio (PSLR) and the Integrated Side-Lobe Ratio (ISLR) are shown in Tab. 2. We can tell that both the reference target and the edge target in the imaging scene are well focused. To test the advantage of the proposed imaging algorithm, a comparable experiment is performed in accordance. The comparable imaging algorithm is performed based on Ref. [31] , and corresponding imaging results for the reference and edge targets of the same imaging scene are given in Fig. 5 . From the contour-plots and the impulse response function in both the range and azimuth directions, we can find out that, the focusing quality for the reference range target is well enough. However, the focusing quality of the edge target is much worse than the proposed one, especially in the azimuth direction. Since the proposed SIFT imaging algorithm is carried out based on an exact analytical spectrum for constantoffset configuration, which can handle the bistatic SAR data with a very large length of the baseline. And the imaging algorithm carried out based on Ref. [31] is on the basis of an approximate spectrum whose spectrum precision is less than the proposed one, especially in the situation of large baseline situation, when the spectrum precision of Ref. [31] degrades dramatically. 
Conclusion
The DSR term existed in the range history of bistatic SAR has been the most difficult obstacle to overcome in obtaining the precise bistatic SAR PT spectrum by using POSP for designing bistatic SAR imaging algorithms. The problem has been handled by the solution of a four-order equation with respect to the tangent of the half bistatic angle on the basis of the GBF method. The range migration problem for bistatic SAR imaging is solved by using the SIFT imaging algorithm based on an exact analytical bistatic PT spectrum presented in Ref. [27] in this article. And well-focused imaging results for the spaceborne constant-offset configuration are obtained.
Moreover, we have to note that, the proposed imaging algorithm is carried out based on an ideal geometry condition, which is hard to realize in practice. In real bistatic SAR systems, motion error is inevitable. The motion errors of bistatic SAR are even more complex than that of the monostatic SAR [32] , and effective motion compensation algorithms deserve further studying cooperating with real bistatic SAR data.
